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Since the pioneering works of David Sabatini’s group,
viruses have demonstrated their high usefulness to unravel
properties of eukaryotic cells. This holds especially true for
studies on polarized protein targeting in epithelial cells in
which influenza and vesicular stomatitis virus proteins have
been widely used to characterize the mechanisms of protein
sorting (Rodriguez-Boulan and Sabatini, 1978). Since then,
the study of polarized targeting mechanisms in epithelial
cells has remained a highly active field of research. Although
several signals and pathways have been described, there is
until now no clear consensus on how molecules are sorted
and transported from the Golgi apparatus to the cell surface.
Simons and Ikonen (1997) suggested that specialized
membrane microdomains termed braftsQ, which are enriched
in cholesterol and (glyco)sphingolipids and formed by lateral
segregation of membrane lipids, may play a crucial role in
sorting mechanisms of subsets of proteins that will be
targeted to the apical membrane. This braft hypothesisQ fits
with numerous observations indicating that apically targeted
molecules associate with lipid rafts in the Golgi apparatus
before being incorporated into specific post-Golgi carriers0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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observed that raft association is not sufficient to confer a
strict apical targeting, because several raft-associated pro-
teins are targeted to the basolateral membrane in various cell
types (Kreitzer et al., 2003; Lipardi et al. 2000). In a recent
review, it has also been suggested that formation of polymers
or aggregates that are favored by the presence of membrane
microdomains may help the sorting process between apical
and basolateral proteins (Helms and Zurzolo, 2004).
A few years ago, we started to study the morphogenesis
and targeting of another virus, namely rotavirus, which
appeared to behave very differently as compared to
previously studied virus. As outlined below, this virus and
its main structural proteins do not seem to follow a classical
exocytic route, although the virus was specifically delivered
to the apical pole of intestinal cells (Jourdan et al., 1997).
We realized that most of the proteins of this virus were
cytosolic proteins that have no specific signal to enter the
exocytic pathway. These proteins are synthesized on free
ribosomes and directly released within the cytosol. Little is
known on the mechanisms that control their sorting and
targeting. In a recent review, Walter Nickel summarized the
data obtained on what was called bthe nonclassical protein
secretionQ, a pathway that by-passes ER and Golgi compart-
ments (Nickel, 2003). Four mechanisms have been sug-
gested for this atypical plasma membrane targeting: (1) a re-
entry in the endosomal compartment (used for example by
IL1h); (2) the use of specific transporters at the cell surface
(used by FGF1 and FGF2); (3) a translocation at the04) 157–161
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by the leishmania cell surface protein HASBP); (4) and
finally exosomes that form through a membrane blebbing
process (probably involved in galectin secretion). At least
three examples of such proteins that use the bnonclassical
protein secretionQ have been recently described as being also
associated with rafts. One is the above-mentioned galectin
family, a group of endogenous lectins that have been shown
to reach the apical cell membrane through their association
with particular detergent-resistant membranes (DRM), that
is, rafts (Braccia et al, 2003; Hansen et al., 2001). The
second one is annexin II that has been proposed to be
secreted through a hemi-fusion process (Danielsen et al.
2003; Faure et al., 2002). The last example is given by
Hsp70 that has recently been shown to be targeted to the
plasma membrane of intestinal Caco-2 cells and released in
the extracellular medium through specific association with
rafts, a process that is strongly increased when cells
experienced heat shock (Broquet et al., 2003).
Whether rotavirus may follow one of these atypical
routes remains to be clarified. We will summarize here
recent data obtained on the mechanisms of rotavirus entry,
assembly, and release in intestinal epithelial cells, indicating
that rotavirus and some of its structural proteins (at least
VP4, see below) have to be considered as a new example of
this nonclassical protein secretion pathway. In addition, we
provide additional evidences that rafts may also mediate
polarized targeting of cytosolic viral proteins.
Most of the former studies on rotavirus replication have
been conducted in MA104 cells, a poorly differentiated
monkey kidney epithelial cell line (Estes, 1996). Rotavirus
particles enter these cells through a still debated mecha-
nism, either through Ca2+-mediated endocytosis or through
a direct entry process involving a fusion event (Ruiz et al.,
2000). Soon after entry, viral RNAs are delivered to the
cytosol (Jayaram et al., 2002) and start to be translated on
free ribosomes (Vende et al., 2000). New rotavirus
particles assemble partly in the viroplasm, a still poorly
characterized specialized structure, and partly within or
near the ER, where two viral proteins, namely VP7 and
NSP4, are synthesized as transmembrane proteins. In MA
104 cells, upon completion of the assembly process,
rotavirus particles are released in the medium following
cell lysis. We demonstrated that in intestinal Caco-2 cells,
a cell system that nicely mimics the natural target of
rotavirus, viral particles were not released through cell
lysis but were selectively delivered to the apical medium
with an extended preservation of cell viability. This
observation fits well with the pathophysiology of rotavirus
infection that remains mainly restricted to the gut. We also
demonstrated that rotavirus follows an atypical intracellular
pathway because it by-passes the Golgi apparatus to reach
the apical plasma membrane within ill-defined vesicles
(Jourdan et al., 1997).
As mentioned above, lipid rafts have been involved in
protein apical targeting in polarized epithelial cells. Wetherefore studied their putative contribution to the assem-
bly and apical targeting of rotavirus and rotaviral proteins
(Sapin et al., 2002). By convergent biochemical, biophys-
ical, and cell biology approaches, we showed that (i) 40%
of VP4, the most peripheral protein of rotavirus, associated
with cellular rafts as early as 3 h postinfection, that is, at a
time where no mature virion was produced and (ii) that
this proportion remained constant over the time until
progeny virions were assembled (12–15 h postinfection).
The association of VP4 with rafts was concomitant with its
specific targeting toward rafts present at the apical
membrane of Caco-2 cells (Sapin et al., 2002). This
observation was further supported by X-ray diffraction
studies showing that purified VP4 interacted with choles-
terol- and sphingolipid-enriched model lipid membranes
that changed their phase preference from inverted hex-
agonal to lamellar structures (Sapin et al., 2002). Overall,
these data suggest that VP4 possesses an autonomous
signal for its association with rafts and its apical targeting.
We further investigated whether this early association of
VP4 with cellular rafts may serve as a platform for
rotavirus assembly. We found that at a later stage, when
rotavirus assembly started in Caco-2 cells (12–15 h
postinfection), the other structural rotavirus proteins,
namely VP2, VP6, and VP7, were also associated with
cellular rafts. Moreover, the nonstructural rotavirus protein
NSP4 was also detected within the raft fraction at this late
postinfection time (Huang et al., 2001; Sapin et al., 2002).
The latter observation is highly relevant because NSP4 is
the only nonstructural protein required for the final stage
of virus assembly (Poruchynsky et al., 1985). Finally, we
demonstrated that rafts purified from infected cells con-
tained infectious particles. The presence of the same
rotavirus proteins in raft fractions of Caco-2 cells was
very recently confirmed by Cuadras and Greenberg (2003)
using 35S pulse-chase experiments. However, these authors
found that rotaviral proteins, including NSP4, were present
on rafts as soon as 5 h pi, that is, much earlier than in our
experiments. A likely explanation for the difference in the
kinetics of rotavirus protein appearance on rafts may be
that the cells were not at the same stage of differentiation
(10 days of growth in Cuadras’ paper versus 3 weeks in
our work). Consequently, rafts prepared in the two
laboratories are probably not the same as evidenced by
the fact that, in the work by Cuadras, virus release was
sensitive to methyl-hcyclodextrin, a drug that prevents raft
formation by extracting cholesterol, whereas this process
was essentially cyclodextrin resistant in our hands. What-
ever, both data sets provide strong evidence for a role of
lipid rafts in the assembly and apical targeting of rotavirus
in intestinal cells. These results also point to the need of
further studies to precisely characterize the molecular
composition of rafts involved in rotavirus morphogenesis.
Indeed, it is now classical to consider that several subsets
of rafts may coexist and will display different functions
(Schuck et al., 2003).
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if one considers that rafts normally emerge from the Golgi
apparatus and that ER is unable to produce rafts in
mammalian cells. Thus, it remains to explain how rotavirus
assembles on rafts and uses these membrane microdomains
to reach the plasma membrane, because (1) one major step
of virus assembly takes place within the ER, (2) rotavirus
by-passes the Golgi apparatus, and (3) VP4, the most
external protein of the virion, never localizes within ER
(Delmas et al. 2004, in press). Two nonexclusive hypotheses
can be proposed: (a) either some rafts are present in the ER
or (b) an extra-reticular step of rotavirus assembly must
exist. The presence of rafts in the ER has been demonstrated
in yeast, where glycosphingolipids are synthesized in thisFig. 1. A new model for terminal rotavirus assembly. This cartoon focuses on the
cells, this model includes the fact that DLPs that emerge from the viroplasm ente
envelope (pink circle). Whether the VP7 layer (green circle) is acquired within the E
been proposed that VP7 is terminally glycosylated outside the ER. Our model is c
during the fusion event between ER and a post-Golgi compartment. VP4 (orange s
it interacts with the cytoskeleton. In the meantime, VP4 is found associated with r
This raft association may explain the early detection of VP4 at the apical surface.
rab5 (green symbol). PRA1 is known to associate with rafts in the Golgi apparatu
containing membranes and participates in the formation of a ternary complex rab
event between maturing virions located within ER-and VP4-containing vesicles. A
targeted to the apical pole. This cartoon emphasizes the role of contact sites betwee
of molecules including lipids and proteins such as NSP4. Finally, it has to be me
colored to emphasize the fact that we do not know whether they belong to a homcompartment (Muniz and Riezman, 2000). In mammalian
cells, however, (glyco) sphingolipids are only synthesized in
the Golgi apparatus (Van Meer and Lisman, 2002), and it
seems unlikely that Golgi rafts follow a retrograde pathway
to the ER because at least the COPI-driven retrograde
transport cannot deliver sphingolipids from Golgi to ER
(Brugger et al., 2000). The hypothesis that an extra-reticular
step of rotavirus assembly should exist has been recently
strengthened by the elegant demonstration that impairment
of VP4 synthesis by a specific siRNA allows the formation
of immature viral particles that are released out from the ER
(Dector et al., 2002). In addition, VP4 is present in vesicular
structures near the ER, as seen by cryoEM (Durand-
Schneider et al., unpublished data).events that will take place at the ER exit. As previously reported in MA104
r in the ER lumen (not shown here) and become enveloped by a transient
R, as represented on this cartoon, remains to be documented, because it has
ompatible with an alternative hypothesis in which the VP7 layer is formed
ymbols) is synthesized on free ribosomes and delivered in the cytosol where
aft-type membrane microdomains (violet line) before neo-virion formation.
VP4 has been shown to interact early with PRA1 (dark green symbol) and
s. Thus we suggest that PRA1 promotes the recruitment of rab5 within raft-
5-PRA1-VP4. We propose that this complex may be involved in the fusion
fter this fusion, mature rotavirus is found in raft-containing vesicles that are
n ER and Golgi compartments (yellow squares) that may promote exchange
ntioned that VP4 and rotavirus-containing vesicles have been differentially
ogeneous compartment.
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first associates with a subset of rafts as soon as its synthesis
occurs in infected cells. In the absence of other structural
proteins, VP4 is targeted to the membrane and also to
cytoskeletal structures (Nejmeddine et al., 2000). The
putative functions of this early VP4 targeting are still
unknown, but we suggest that this protein may be involved
in membrane signaling functions. Thus rotavirus assembly
may proceed in two steps. Step 1: double-layered particles
(DLP containing VP1, 2, 3, and 6) that emerge from the
viroplasm enter the ER through interactions with NSP4 that
is inserted in the ER membrane and maturing particles
become enveloped inside the ER. Glycosylation of NSP4,
which is matured at the Man8 level (Kabcenell and
Atkinson, 1985), is critical for the removal of the transient
envelope (Petrie et al., 1984). Glycosylation of VP7 that is
also an ER transmembrane protein could be of little
importance (Petrie et al., 1983). Whether VP7, which is
supposed to pass by a post-ER compartment for its final
maturation (Kabcenell et al., 1988; Mirazimi and Svensson,
1998), is already assembled at the enveloped particle stage
remains to be explored. Step 2: NSP4, which cannot use the
classical exocytic pathway (Xu et al., 2000), moves to
contact sites between ER and TGN, and associates there
with rafts. The existence of contact sites is an important
event recently demonstrated using high resolution EM
(Marsh et al., 2001) and has been used to explain raft
formation (Van Meer and Lisman, 2002). To support this
last hypothesis, it is also interesting to note that a new
protein, CERT, has been recently shown to promote
ceramide exchange between ER and Golgi through a
nonvesicular process (Hanada et al., 2003).
Finally, the proposed model implies a fusion event
between a compartment in which maturing virions are
present (most probably ER-derived), and a raft-containing
compartment in which VP4 is present. Although this
fusion event remains to be fully documented, it has to be
mentioned that two recently described VP4 partners,
namely PRA1 and rab5, could play a critical role (Enouf
et al., 2003). PRA1, the prenylated rab acceptor, has been
recently characterized and shown to play an important role
in recruiting and keeping rab5 in a membrane-bound form,
as well as interacting with VAMP2, a SNARE component
involved in membrane fusion (Abdul-Ghani et al., 2001;
Martincic et al., 1997). PRA1 is localized at the Golgi
membrane and found enriched in rafts (Gougeon at al.,
2002). Rab5 is a member of the large family of small
GTPases involved in the control of fusion events at the
level of the endosomal system (Gorvel et al., 1991). We
have shown that the interactions of VP4 with these two
partners have three main characteristics: (1) interactions
only concern free VP4 and not VP4 associated with other
viral proteins; (2) VP4 may either interact with PRA1 or
rab5 alone or with both; (3) interactions are only detected
early postinfection and are no longer detectable when
rotavirus assembly occurs. Given these data, it is temptingto speculate that PRA1 and rab5 are involved in the
control of VP4 trafficking in steps of rotavirus morpho-
genesis before its final assembly. The model should
therefore be as follows: PRA1 is associated with rafts
formed in the Golgi and with post-Golgi vesicles. In
infected cells, VP4 interacts specifically with PRA1-
containing raft vesicles at early postinfection times.
PRA1 is able to recruit cytosolic rab5 into VP4- and
PRA1-containing vesicles. Then rab5 (likely together with
VAMP2) will direct these vesicles to contact sites and
assist the fusion of VP4-containing vesicles with already
assembled triple-layered particles (TLP), leading to the
formation of vesicles containing a very limited number of
mature virions, as observed using EM (Jourdan et al.,
1997). These neo-virions will then be targeted to the
apical membrane within specific raft-containing vesicles
due to an apical signal present on VP4. This targeting
signal remains to be identified, but recent data indicating
that VP8, the N-terminal part of VP4, is structurally
similar to galectin 3 (Dormitzer et al., 2002), a cytosolic
protein, which is known to be targeted to the apical
membrane of polarized cells through an atypical traffic
that also by-passes the Golgi apparatus, provide an
interesting hypothesis.
Altogether, these results lead to the proposal of an
alternative model for the final assembly of rotavirus that is,
as expected for a model, a challenging one that remains to
be confirmed by experimental data. Future experiments will
be aimed at:
– precisely localizing VP and NSP within the subcellular
compartments
– defining the molecular (lipid and protein) composition
of raft subsets involved in rotavirus assembly and
trafficking
– explaining how VP4, a cytosolic protein, may become
intravesicular
– providing a dynamic view of virus assembly by using
fluorescent analogues of VP
– defining the molecular features of VP and NSP that are
critical for their subcellular localization and interactions
– search for cellular functions of isolated VP and NSP.
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